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Parkinson diseaseEvolution of P5 type ATPases marks the origin of eukaryotes but still they remain the least characterized
pumps in the superfamily of P-type ATPases. Phylogenetic analysis of available sequences suggests that P5
ATPases should be divided into at least two subgroups, P5A and P5B. P5A ATPases have been identiﬁed in the
endoplasmic reticulum and seem to have basic functions in protein maturation and secretion. P5B ATPases
localize to vacuolar/lysosomal or apical membranes and in animals play a role in hereditary neuronal
diseases. Here we have used a bioinformatical approach to identify differences in the primary sequences
between the two subgroups. P5A and P5B ATPases appear have a very different membrane topology from
other P-type ATPases with two and one, respectively, additional transmembrane segments inserted in the N-
terminal end. Based on conservation of residues in the transmembrane region, the two P5 subgroups most
likely have different substrate speciﬁcities although these cannot be predicted from their sequences.
Furthermore, sequence differences between P5A and P5B ATPases are identiﬁed in the catalytic domains that
could inﬂuence key kinetic properties differentially. Together these ﬁndings indicate that P5A and P5B
ATPases are structurally and functionally different.).
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
The superfamily of P-type ATPases constitutes a large class of
membrane proteins involved in the active transport of ions and lipids
across biological membranes. Among the prominent members are the
Na+/K+-ATPase, the Ca2+-ATPase of sarcoplasmic reticulum and the
plasma membrane H+-ATPases of plants and fungi. The family can be
divided phylogenetically into ﬁve distinct subfamilies (P1–P5), each
divided into additional subgroups (A, B etc) [1,2]. Even though P5
ATPases remain the least characterized group of P-type ATPases, they
are found in every single eukaryotic genome analyzed so far whereas
no homologues have been detected in bacterial genomes [2]. The
importance of these biological pumps is underlined by the fact
that they are found in all forms of life, from bacteria to man, and
are involved in fundamental physiological processes ranging from
ion homeostasis and signal transduction, to heavy metal and lipid
transport across membranes [3–9].
P5 ATPases are identiﬁed by a signature sequence, the PPxxP
motif found in transmembrane segment M4, which has an additional
proline compared to the well-characterized Na+/K+, Ca2+ and H+
ATPases that have a conserved Pxxx(P/L) motif at the same position
[10]. In the latter P-type pumps the prolines induce unwinding of
transmembrane segment M4, which in turn exposes backbonecarbonyl oxygens that are used to coordinate a transported cation.
Sequence analysis has shown the existence of two phylogenetic
subgroups within the cluster of P5 genes: P5A and P5B [3,11].
These groups differ in the conservation of residues in the PPxxP
motif [3]. P5A sequences contain a PP(E/D)xPx(E/D) motif with two
conserved negatively charged residues whereas P5B sequences are
characterized by a PP(A/V)xP(A/V)x motif with two conserved
hydrophobic residues in the signature motif [3]. The presence and
absence of two negative charges at this position should have a strong
impact on the electrical ﬁeld in the unwound helix region, which is
likely to differentially inﬂuence the substrate speciﬁcity of the two
subgroups.
Localization studies indicate that P5 ATPases reside in internal
membrane systems, a hallmark of eukaryotic cells. This suggests that
P5 ATPases evolved at the branching point between eukaryotic and
prokaryotic organisms and were associated with the event of
compartmentalization in eukaryotes [10]. P5A ATPases have been
identiﬁed in membranes of the secretory pathway in both plants
and fungi. The single P5A ATPase in Saccharomyces cerevisiae, Spf1p,
resides in the endoplasmic reticulum (ER) [12,13] and in cis-Golgi
membranes [14]. Likewise the Spf1p homologues in Schizosacchar-
omyces pombe [15] and in the higher multicellular plant Arabidopsis
thaliana [4,16] also localize to the ER. P5BATPases have been identiﬁed
in both internal membrane systems and in plasma membranes. The
single P5B ATPase in S. cerevisiae, Ypk9p [10], resides in the vacuole
[17,18]. This corresponds to the lysosomal localization of its human
homologueATP13A2 [6],whereas the P5Bhomologue in the nematode
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of intestinal cells [19].
The physiological defects detected in mutants of P5 ATPases
in yeast, plants and humans underline the importance of these pumps
in the physiology of eukaryotes. The P5A ATPase SPF1 was ﬁrst
identiﬁed in a screen of mutagenized S. cerevisiae cells, which showed
resistance to the killer toxin SMKT secreted by Pichia farinosa, hence
the name Sensitivity to Pichia farinosa 1 [8]. In spf1 mutant cells, the
toxin is retained at the cell wall and does not get internalized hereby
representing a molecular mechanism for the resistance of mutant
cells [8,20]. Although SPF1 is not required for viability in yeast [8,21]
loss of gene function results in ER stress as evidenced by an increased
expression of the ER stress marker KAR2 [14]. Loss of SPF1 function
also induces disrupted calcium homeostasis in yeast cells [13,15],
but it is uncertain whether the gene product is involved in direct
transport of this cation. Other phenotypes of spf1 cells have later been
discovered. Notably, SPF1 has been identiﬁed among the genes
upregulated during the unfolded protein response, a pathway that
regulates gene expression in response to protein misfolding and ER
stress [12,22]. This effect is conserved in other organisms as well,
as induced activation of the unfolded protein response in Aspergillus
nidulans results in increased expression of the SPF1 ortholog,
AN3146.2 [23]. Interestingly the unfolded protein response itself is
constitutively activated in spf1mutant cells [24]. Other defects include
deﬁcient glycosylation of secreted invertase and induction of
abnormal cell wall architecture [7,20,25]. Screening studies have
further identiﬁed SPF1 to be required for regulated degradation of
hydroxymethylglutaryl coenzyme A reductase 2 (HMG2), an ER
located enzyme responsible for the rate limiting step in ergosterol
biosynthesis [10] as well as for correct insertion orientation of
membrane proteins [9]. As HMG2 is degraded by the ER associated
degradation pathway [26–28] and protein insertion takes place in the
ERmembrane, these ﬁndings further links SPF1 to speciﬁc, but notably
different ER functions. Taken together the complex phenotype of spf1
cells can be explained by a role of the P5A ATPase in the early part of
the secretory pathway where loss of function leads to broad and
unspeciﬁc phenotypes related to the impairment of basic ER functions
such as protein folding and processing.
On a whole organism level, knockout of the A. thaliana P5A gene
MIA/PDF1 results in mutant plants with decreased fertility due to
collapsed pollen grains [4], as well as inability to maintain root stem
cells during limiting Pi conditions [5]. The mutants also displays a
changed expression pattern of genes belonging to functional groups of
protein secretion, protein folding and solute transport and have an
altered homeostasis of cations [4].
The physiological role of P5B ATPases is less characterized.
Deletion mutants of the yeast P5B ATPase YPK9 have so far not
been described but overexpression of YPK9 suppresses toxicity of
heterologously expressedα-synuclein. In contrast, deletion of the P5A
ATPase SPF1 enhances the toxicity of α-synuclein expression [17].
How this relates to the catalytic function of the two subgroups is
unknown. Besides this effect there seems to be no physiological
functions shared between the P5A and P5B homologues in yeast
[9,10,13]. In humans, mutations in the P5B ATPase gene ATP13A2 leads
to Kufor–Rakeb syndrome (KRS), a hereditary neurodegenerative
disease in humans with juvenile onset resembling Parkinson disease
[6]. The wildtype ATP13A2 protein is localized to the lysosomal
membrane of neuronal cells whereas themutant protein is retained inFig. 1. Prediction of transmembrane helices in P5A (1A) and P5B (1B) type ATPases. A range o
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human P5B subgroup ATP13A4 has been implicated in impaired
development of language [7] and a third human P5B gene, ATP13A3,
seems to be upregulated in senescent parenchymal kidney cells
implicating a possible involvement in aging [29]. No function has been
assigned to the fourth human P5B ATPase gene ATP13A5. Deletion of
the P5B ATPase CATP5 in C. elegans further results in decreased uptake
of norspermidine, a polyamine found to be toxic for the nematode
worm [19]. How these effects are related to P5B ATPase function
remain to be elucidated, but the localization and lack of functional
overlap with members of the P5A subgroup indicate distinct function
(s) of P5B ATPases.
In this work, a bioinformatics approach was used to identify
structural motifs that differ between the two subgroups of P5 ATPases.
Some of these are likely to inﬂuence substrate binding in the trans-
membrane domain and others are likely to inﬂuence the catalytic
properties of the enzymes. Our analysis conﬁrms the notion that P5A
and P5B are two separate forms of P5 ATPases and also identiﬁes
targets for future mutagenesis studies aiming at elucidating the
function of P5 ATPases.
2. Materials and methods
2.1. Retrieval of sequences from databases
Protein sequences of P5 type ATPase from available in the Uniprot
database and used in the study of Møller et al. [3] was retrieved. The
sequences included both P5A and P5B ATPases from protists, fungi,
plants and animals, hereby covering an evolutionary separated range
of kingdoms. Only full length sequences were used. The uniprot
accession numbers of the retrieved sequences are indicated for P5A
ATPases (Q8IBH9; Q7RPL1; Q57YG5; Q4DK98; Q4QII2; Q6AUL4;
Q9LT02; Q9VKJ6; Q29M40; Q17JE6; Q7Q3X3; Q9HD20; Q9EPE9;
P90747; Q54CD1; Q4PHP1; Q5K8Q4; Q2UC23; Q4WYP6; Q5B8I4;
Q2GZ73; Q7S1D7; P39986; Q6FLR0; Q6CM81; Q753G0; Q59Q34;
Q6C0T2; O14072; Q8SSI1), and for P5B ATPases (Q27533; Q9N323;
Q21286; Q16XE5; Q7KQN3; Q4VNC1; Q5XF90; Q5ZKB7; Q6DDF7;
Q4VNC0; Q3TYU2; Q9H7F0; Q5XF89; Q9NQ11; Q9CTG6; Q54NW5;
Q54P22; Q54X63; Q5KIF1; Q4P3P5; Q4WTN6; Q2GW66; Q6C829;
O74431; Q12697; Q6FIW2; Q752K7; Q6CVZ3; Q5ALK5; Q23QW3;
Q23QV2; Q23QV7; Q23QW1; Q23QV4; Q23TT6; Q5CW06; Q5CGM4;
Q23WN0; Q23TB9; Q22TY0; Q237J9; Q22NH9; Q22NH4; Q22V49;
Q22V53; Q4N798; Q4UIB4; Q22G30; O14022; Q5CYZ4). A total of 80
sequences (30 P5A and 50 P5B) from 29 different organisms were
used in this study.
2.2. Alignments
For alignments of sequences in the P5A and P5B subgroups, an
initial alignment was made using Multiple Sequence Comparison by
Log-Expectation (MUSCLE - http://www.ebi.ac.uk/Tools/muscle/
index.html) based on 13 sequences from each subgroup. This
alignment was analyzed for conservation of residues and motifs and
was then used as a template for a reﬁned total alignment made on all
sequences from each subgroup (30 P5A and 50 P5B). Figures
presented are based on the initial alignment and veriﬁed in the ﬁnal
alignment.f widely evolutionary separated sequences from both subgroups was retrieved from [2]
ethods. The UniProt accession numbers for the shown P5A sequences are (Q6C0T2;
D20;Q9EPE9) and for the shown P5B sequences (Q237J9;Q8BUP1;Q6DDF7;Q4VNC1;
nsmembrane helices aremarked in light grey, probable helices aremarked in dark grey.
d 50 P5B) aremarked in bold while conserved hydrophilic sidechain groups aremarked
Table 1
Residues involved in formation of substrate binding sites in structurally deﬁned P-type
ATPases. Data for the Ca2+ ATPase of sarcoplasmic reticulum is based on the E1P·TNP-
AMP form [33], data for the Na+/K+ ATPase is based on the K+/Rb+ occluded E2·MgF42-
form showing only Na+ bound ions [34] and data for the H+ ATPase is based on the
E1·Mg-AMPPCP form [37]. In the H+-ATPases, a single negatively charged residue,
Asp684, functions as the single central proton acceptor/donor during catalysis [37,63].
Conserved residues from M2, M4, M5 and M6 deﬁne a large centrally located cavity
speculated to serve essential functions of the H+ transporting machinery.
ATPase TM Residues involved in binding Binding site
SR Ca2+ M4 Val304, Ala305, Ile307 and Glu309 II
M5 Asn768 and Glu771 I
M6 Asn796, Thr799 and *Asp800 I (*I and II)
M8 Glu908 I
Na+/K+ M4 Glu327 II
M5 #Ser775, Asn776 and Glu779 II (#I)
M6 $Asp804, Asp808 I ($I and II)
M8 Gln923 I
H+ M6 Asp684 I
Markings *, # and $ refer to amino acids involved in speciﬁc binding sites.
850 D.M. Sørensen et al. / Biochimica et Biophysica Acta 1797 (2010) 846–855Alignment of the yeast Spf1p (P5A) and Ypk9p (P5B) ATPases with
the SR Ca2+ and Na+/K+ ATPases was made by the advanced version
of the structure based multiple sequence alignment tool Expresso
(3DCoffee) http://www.tcoffee.org/)[30]. Structural information
ﬁles were used for the SR Ca2+ ATPase and Na+/K+ ATPases in
similar conformations (PDB:3B9B;3B8E). This allowed structural
features like predicted transmembrane helices in the P5 sequences
to be aligned with the conﬁrmed helices found in the structural ﬁles.
The alignments were further reﬁned by hand in the N-terminal part of
the P5 type sequences where no structural information existed.
2.3. Topology analysis
Prediction of transmembrane helices was performed on all
examined sequences by consensus prediction using the TOPCONS
prediction tool (http://topcons.cbr.su.se/)[31]. The program gives a
consensus proﬁle based on ﬁve different algorithms for topology
prediction using position-speciﬁc amino acid contributions, proﬁle
based hidden Markov models and artiﬁcial neural networks. All
predicted helices were added to the performed alignments in order to
verify that the predictions where conserved consistently in each
subgroup. Helix M1 of the P5B ATPases was only identiﬁed at low
frequency but contains almost solely hydrophobic residues, some of
which are conserved in the P5A subgroup, making it likely to be a
transmembrane helix. To verify the prediction of the P5 speciﬁc
transmembrane helices (Ma and Mb in P5A and Mb in P5B), a portion
of the N-terminal, usually 200–400 amino acids for each sequence,
was reanalyzed again in another prediction algorithm, TMHMM2.0
(http://www.cbs.dtu.dk/services/TMHMM/)[32]. Themembrane to-
pology shown for the SR Ca2+ and Na+/K+ ATPases in Fig. 3 is based
on the structural information ﬁles for the proteins (PDB:3B9B;3B8E).
3. Results
3.1. Predicted transmembrane topology differs between P5A and P5B
ATPases
80 full-length sequences covering 30 P5A and 50 P5B sequences
from 29 different organisms [3] were retrieved from the Uniprot
database to map the membrane topology of P5 ATPases. Sequences
were aligned within each subgroup and topology prediction was
performed on all examined sequences by consensus prediction using
the TOPCONS prediction tool [31]. This approach allowed the analysis
to be based on ﬁve different algorithms for topology prediction using
both position-speciﬁc amino acid contributions, proﬁle based hidden
Markov models and artiﬁcial neural networks. We found this
approach most realistic as we noted that some prediction algorithms
based on single methods did not give results consistent with
published SR Ca2+, Na+/K+ and H+ ATPase structures [33–36].
Following an initial alignment of 13 sequences from each
subgroup, 12 transmembrane helices were found to be consistently
identiﬁed within the subset of P5A sequences while only 11
transmembrane helices were identiﬁed within the subset of P5B
sequences. One of the helices in P5B ATPases showed low prediction
but proved likely to be a transmembrane helix due to the overall
conservation of hydrophobic residues (Figs. 1 and 3). The analysis was
further extended to include all 80 sequences used in this study
conﬁrming the overall membrane topology of the two subgroups of P5
ATPases. The obtained results are in line with a recent prediction of
possible transmembrane topologies for the entire family of P-type
ATPases were P5 ATPases have been proposed to contain a mix of 11
and 12 transmembrane helix proteins [11].
In the topological model presented here, members of the P5A
subgroup are predicted to have both the N- and C-terminal ends
located in the cytoplasm while the P5B group has the two terminal
ends on either side of the membrane. At least for the P5A subgroupthis is in line with experimental data obtained in a global topology
screening of the yeast membrane proteomewhere Spf1pwas found to
have both terminal ends located in the cytoplasm [37].
When aligning yeast P5A and P5B ATPase sequences with those of
the structurally deﬁned Ca2+ and Na+/K+ pumps, the extra
transmembrane helices locate to the far end of the N-terminal
(exempliﬁed by the yeast homologues in Fig. 3). The P5A subgroup
thus appears to have two extra helices (Ma and Mb) before M1 of the
Ca2+ and Na+/K+ ATPaseswhile the P5B subgroup has only one (Ma).
3.2. P5A and P5BATPases show structural divergence at putative substrate
binding sites
The transmembrane domain of P-type ATPases is involved in
binding of the transported ligand(s) and undergoes conformational
changes during which the binding site is either exposed to one side of
the membrane or the other. Even though the structure of this domain
is unknown in P5 pumps, the tertiary structure is most probably
related to that found in other P-type ATPases, as the membrane
domain in all crystallized pumps from different subfamilies follows a
basic layout in which M4, M5, M6, M8 locate to the central protein
core and M1, M3, (M7), M9, M10 locate to the outer laying
structures [33–36]. Residues from the central core helices are involved
in formation of ligand binding sites and are highly conserved within
the individual subgroups of P-type ATPases (Table 1). This suggests
that conserved residues in the central membrane core likewise are
involved in substrate coordination in P5 pumps.
Conservation of residues in transmembrane helices was observed
in both P5A and P5B sequences, although the P5A subgroup appears
to have substantially more conserved residues in this region (Fig 1A
and B). The only residues showing complete conservation (30/30 or
50/50) in both subgroups is the initial proline found in the PPxxPxx
motif located in M4 (exempliﬁed in Fig. 3; Spf1p: Pro444, Ypk9p:
Pro738) and an asparagine located in M9 (Spf1p: Asn1133, Ypk9p:
Asn1385). Both of these residues are conserved in Ca2+ and Na+/K+
ATPases although in these pumps they are not involved in substrate
coordination (Fig 3). The number of conserved amino acid residues in
the membrane domain of P5B ATPases is remarkably low. One
explanation could be that the subset of sequences in P5B ATPases
forms more than one subgroup while the P5A sequences falls into one
“true” subgroup having only a single substrate.
Other residues showing high conservation between the two P5
subgroups (N27/30 or N45/50 respectively) are the residues of the
PxxxxQxxxxxxW motif in M1 (exempliﬁed in Fig. 3; Spf1p: Pro209,
Gln213, Trp220 and Ypk9p: Pro497, Gln502, Trp509). The threonine
located just before the PPxxPxx motif in M4 (Spf1p: Thr440, YPK9:
Thr734), the two prolines inside this motif (Spf1p: Pro445, Pro448
Fig. 2. Alignment of P5A and P5B phosphorylation sequence P containing the aspartate phosphorylated during the reaction cycle and the sequence important for nucleotide binding N. (g) and (h) are the speciﬁc core sequences identiﬁed in
[1], separated by an insertion of between 28 and 135 amino acid residues in the P5A subgroup. The same sequences were used as in Fig. 1. Residues conserved in at least 90% of the examined sequences from each subgroup (30 P5A and 50 P5B)
are marked in bold while conserved hydrophilic side chains are marked in bold italic. Completely conserved residues (100%) are marked in bold and underscored.
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start of M6 (Spf1p: Gln990, Ypk9p: Gln1271). Most of these residues
are due to their location not likely to contribute to substrate binding
site(s). The low number of residues conserved between the P5A and
P5B ATPases in the transmembrane region adds further substantiation
to the argument that P5A and P5B ATPases do not share substrate
speciﬁcities.
The M4 transmembrane segment PPxxPxx signature motif of P5
ATPases contains either two conserved hydrophilic residues in the
P5A group (Spf1p: Glu446, Glu450; PPExPxE) or two conserved
hydrophobic residues in the P5B group (Ypk9p: Ala740, Ala743;
PPAxPAx) [3]. The additional proline speciﬁc for P5 ATPases is highly
conserved (N29/30 or N47/50) in both the P5A (Spf1p: Pro445) and
P5B (Ypk9p: Pro739) subgroups and align together with the
glutamates involved in substrate interaction in binding site II of the
Ca2+ and Na+/K+ ATPases (Glu309 and Glu332, respectively—Fig. 3).
Similarly a highly conserved (30/30 or N47/50) threonine is found in
both subgroups upstream of the PPxxPxx motif (Spf1p: Thr440,
Ypk9p: Thr734) where it aligns with another residue of binding site II
in the Ca2+ and Na+/K+ ATPases (Fig. 3). Assuming that the position
of binding site(s) is conserved between P-type ATPases, the conserved
threonine together with the proline residues in M4 will most likely
serve critical roles in deﬁning the substrate speciﬁcity of P5 pumps.
In transmembrane helix M5, the P5A subgroup contains a clearly
deﬁnedM(F/Y)KIL(A/G)LNmotif which is absent in the P5B subgroup
(Fig. 1A and B). Within this motif a complete (30/30) conservation of
hydrophilic side chain groups from both lysine (Spf1p: Lys993) and
asparagine (Spf1p: Asn998) is present, where the asparagine aligns
close to residues involved in formation of substrate binding site I
of the Ca2+ and Na+/K+ ATPases (Fig. 3). In comparison the P5B
subgroup also contains a highly conserved (46/50) amine side chain
group from either glutamine lysine or arginine located further
downstream in the sequence (Ypk9p: Gln1253).
Transmembrane helixM6 of the Ca2+ andNa+/K+ATPases contains
several cation coordinating residues. In M6, members of the P5A
subgroup show conservation of a QxTxxG motif compared to a Qxxxx
(D/R/S) motif in the P5B subgroup (Fig. 1A and B). Both the glycine
(Spf1p: Gly1025 conservation 28/30) and the oxygen containing side
chain of an aspartate arginine or serine residue (Ypk9p: Asp1276
conservation 46/50) align with the aspartate from binding site II in the
Na+/K+ ATPase and the asparagine from substrate binding site I in the
Ca2+ATPase. If the site likewise is involved in substrate interaction in P5
ATPases this would represent a marked difference between the two
subgroups.
In transmembrane segment M8, only the P5A subgroup shows
conservation of residues (Fig. 1A and B). Here a highly conserved (31/
33) amide group in the side chain of a glutamine or an asparagine
(Spf1p: Gln1113) aligns with a residue involved in substrate binding
site I in the Ca2+ and Na+/K+ ATPases. Other well-conserved residues
are also found in M8 of P5A sequences, but these locate further away
from the putative binding site.
3.3. Key motifs differs in the cytoplasmic domains of P5A and P5B ATPases
Despite the fact that different subgroups of P-type ATPases have
low sequence homology, they share a number of structural features
[33–36]. For instance, all examined pumps include three well-deﬁned
subdomains located in the cytoplasmic part of the proteins (Fig. 3).
These three domains are vital for the functional aspects of the
pumping action and are thus conserved in all P-type ATPases. TheFig. 3. Sequence alignment of yeast Spf1 and Ypk9 (exemplifying the P5A and P5B subgroup
N domain in red and P domain in blue. The phosphorylation sequence containing the phospho
The conserved core sequences mentioned in Fig. 2 are marked (g) and (h). Purple residue
conserved residues likely to be involved in substrate binding in the P5A and the P5B subgrou
at Ma and the Na+/K+ and Ca2+ ATPases start at M1. Residues conserved between all sequedomains are the nucleotide binding domain (N), which is a protein
kinase involved in initial binding of Mg2+-ATP, the phosphorylation
domain (P) containing the conserved aspartate involved in formation
of the phosphoenzyme intermediate and the actuator domain (A)
which serves as a built-in protein phosphatase responsible for
dephosphorylation of the phosphorylated P domain.
In all examined P5A sequences a conserved CTEPFRIPxAG motif is
found between M4 and the sequence containing the phosphorylated
aspartate residue (Fig. 2). The motif is speciﬁc for P5A ATPases, as in
the P5B subgroup the residues at the same position are xxxPxxxxxxG
with only the proline and the glycine being highly conserved (49/50)
(Fig. 2). The location of the motif at the beginning of the large
cytoplasmic loop likely places the motif on top of the transmembrane
domain in the tertiary structure and could indicate that the P5A
pumps have a different requirement for access of ligands into the
substrate binding site.
Another feature observed solely in the P5A sequences is an insert
of varying lengths (28 to 135 amino acids) present at the very end of
the P domain. This insert is found between conserved (g) and (h) core
sequences, deﬁned by Axelsen and Palmgren [1] (see Figs. 2 and 3).
Both core sequences are found in all subgroups of P-type ATPases
where they, in contrast to P5A ATPases, are separated only by a few
amino acids. The two conserved aspartate residues found in core
sequence (g) is thought to be involved in coordination of Mg2+ ions
required for the catalytic hydrolysis of Mg2+-ATP [38,39]. Core
sequence (h) locates near the extended stalk of M5 where it is
thought to be involved in relaying the energetic input from the P
domain to the transmembrane helices [40,41]. This indicates that the
P5A subgroup is structurally different from the P5B subgroup at a key
location likely to inﬂuence enzymatic kinetics of the pumps.
4. Discussion
Our analysis of P5A and P5B ATPases has identiﬁed several con-
served differences in primary structure between the two subgroups.
These differences are likely to inﬂuence both the catalytic and
substrate binding properties of the proteins and constitute targets
for further mutagenesis studies. Most importantly, the two subgroups
are predicted to have different transmembrane topologies. The well-
characterized group of P2 ATPases, which include Ca2+ and Na+/K+
ATPases, have ten transmembrane helices among which M4, M5,
M6 and M8 constitute the core transmembrane region conserved in
all P-type pumps. P5A ATPases have 12 transmembrane helices, with
the two additional helices apparently located before the helix
resembling M1 of P2 ATPases, while the P5B subgroup has a total of
11 transmembrane helices with a single additional helix most likely
located before the conserved transmembrane core region. The
presence of additional transmembrane helices in the N-terminal
region resembles the structure of the heavy metal pumping P1
ATPases. These pumps have typically eight transmembrane helices,
among which two, having no homology to transmembrane segments
found in any other P-type ATPase, are inserted in the N-terminal end
of the molecules between M1 and M2 of the core sequence [42,43].
M1 shows a high degree of structural homology between P-type
ATPases evenwhen sequence homology between pump subfamilies is
very low [36]. In the absence of structural information and sinceM1 of
P5-ATPases has low sequence homology to other P-type ATPases, the
possibility therefore remains that the two and one additional helices
identiﬁed in P5A and P5B ATPases, respectively, represent an insertion
after the archetypical M1 segment.s, respectively), with the SR Ca2+ and Na+/K+ ATPases. A domain is marked in yellow,
rylated aspartate residue is marked P and the nucleotide binding sequence is marked N.
s indicate known substrate interaction sites in the Ca2+ and Na+/K+ ATPases while
ps are marked in green. M refers to transmembrane helices. P5A starts at Mb, P5B starts
nces are marked by a star and semi-conserved residues by dots beneath the alignment.
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P5 type ATPasesmay represent an evolutionary fusionwith an ancient
subunit required for correct function or localization. The Na+/K+ and
SR Ca2+ ATPases are for instance known to both interact with small
peptides containing transmembrane spanning helices. The activity of
the Na+/K+ ATPase is regulated by the presence of β and γ subunits
[44–48] and the SR Ca2+ ATPases is negatively regulated by
phospholamban and sarcolipin [49–53]. Likewise, P4 ATPases seems
to require a Cdc50p homologue peptide with two putative trans-
membrane spanning helices for proper function and exit from the
endoplasmic reticulum [54,55].
In the transmembrane region, several features indicate that P5A
and P5B ATPases might be transporting different substrates. In
examined structures of P-type ATPases, the sequence before the
Pxxx(P/L) motif found in transmembrane helix M4 provides
backbone carbonyl oxygen groups involved in cation coordination.
In P5 ATPases, this motif contains an additional proline but differs in
conservation of charged and hydrophobic residues between the P5A
and P5B subgroups, respectively. Even though the idea that the P5
ATPase PPxxPxx motif is involved in substrate binding still lacks
experimental evidence, a difference in two negative charges in the
middle of the core transmembrane region should have a profound
effect on substrate binding whatever substrate is being transported.
Further, in this work, additional conserved differences have been
identiﬁed in the transmembrane core region of P5A and P5B ATPases,
which are likely to differentially inﬂuence substrate binding. The high
number of conserved residues in the transmembrane region of P5A
ATPases could imply that in these pumps more than one substrate
binding site is present in analogy with Ca2+ and Na+/K+ ATPases.
Even though P5 ATPases represents a biochemically uncharacter-
ized subgroup of P-type pumps, several speculations about their
transported substrate(s) have been made. Addition of CaCl2 partially
restores regulation of Hmg2p degradation in a spf1 background [10]
and deletion of SPF1 results in increased sensitivity towards extracel-
lular calcium and to an increased expression of calcium-regulated
genes [13]. In line with these results, the Spf1p homologue CTA4 of
ﬁssion yeast, localized in the ER/nuclear envelope, seems to inﬂuence
calcium levels in the cytosol [15]. Several factors indicate that care
should be taken before assigning calcium as a substrate for the P5A
ATPases based purely on genetic evidence. Thus, (1) defects in cellular
homeostasis of one ion can indirectly inﬂuence homeostatis of other
ions in the cell [56]; (2) expression of the ER located Ca2+ ATPase of
sarcoplasmic reticulum in yeast does not complement the phenotype
of spf1 null mutants [13]; (3) it remains to be conﬁrmed biochemically
whether ATPase activity of puriﬁed Spf1p is dependent on calcium or
any other tested substrate ions and transports Ca2+ in a reconstituted
vesicle system [13]; and (4) if Spf1p indeed transports Ca2+, a novel
binding site must be present in the P5 pumps, as maximum a single
among several residues important for coordination of Ca2+ in the SR
Ca2+ ATPase is conserved in P5 ATPases [33] (see also Fig. 1A and
Fig 3). Taken together, the possibility therefore remains that the
impact of SPF1 on Ca2+ homeostasis is of a secondary nature.
In the P5B subgroup, the sensitivity of yeast ypk9mutants towards
Cd2+, Mn2+, Ni2+ and Se2+ combined with their localization in the
vacuolar membrane has led to the suggestion that this pump is
involved in accumulation of these ions into the vacuole [17,18]. As
both the P5A and P5B subgroups lack any cysteine and histidine metal
binding motifs found in other metal translocating P-type ATPases,
direct translocation of at least Cd2+ does not seem likely and
biochemical means are required to ascertain the substrate speciﬁcity
of YPK9. Polyamines have also been suggested as a substrate of CAT-
P5, an isoform of the P5B subgroup found in C. elegans, as deﬁcient
uptake of polyamine analogues have been observed in mutants [19].
Although the pathway for polyamine uptake is still unclear [57,58],
this possibility remains to be tested biochemically. Finally, it has been
suggested that lipids could function as substrates for the P5 ATPasesdue to the relatively close relationship between P4 and P5 type
ATPases, the presence of common secretory pathway speciﬁc partners
interacting with P4 and P5 ATPases and the fact that none of the P4
lipid translocating pumps has been identiﬁed in the ER membrane
where a lipid ﬂippase is hypothesized to be required for vesicle
formation [59]. On the more speculative side, previous work has
shown the presence of chloride stimulated and vanadate-sensitive
ATPase activity in plasma membrane preparations of Aplysia califor-
nica [60,61] and other organisms (reviewed in [62]), which might
involve a novel form of P-type ATPase. Although the intracellular
localization found for most P5 ATPases speaks against their involve-
ment in chloride transport across the plasma membrane, a biochem-
ical approach is needed to demonstrate whether such an activity is a
feature of these pumps.
In the future, unraveling the substrate speciﬁcities of P5 ATPases
through biochemical means should be a major goal. Further work is
also required to elucidate the physiological role, especially ofmembers
in the P5B subgroup, in the biology of eukaryotic cells. The iden-
tiﬁcation of conserved residues in both subgroups of P5 ATPases
performed in this work will help planning future studies in this ﬁeld.References
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